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Here, we report in vitro generation of Math1+ cerebellar granule cell precursors and Purkinje cells from ES cells by using soluble patterning
signals. When neural progenitors induced from ES cells in a serum-free suspension culture are subsequently treated with BMP4 and Wnt3a, a
significant proportion of these neural cells become Math1+. The induced Math1+ cells are mitotically active and express markers characteristic of
granule cell precursors (Pax6, Zic1, and Zipro1). After purification by FACS and coculture with postnatal cerebellar neurons, ES cell-derived
Math1+ cells exhibit typical features of neurons of the external granule cell layer, including extensive motility and a T-shaped morphology.
Interestingly, differentiation of L7+/Calbindin-D28K+ neurons (characteristic of Purkinje cells) is induced under similar culture conditions but
exhibits a higher degree of enhancement by Fgf8 rather than by Wnt3a. This is the first report of in vitro recapitulation of early differentiation of
cerebellar neurons by using the ES cell system.
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The genesis of the cerebellum is a classical paradigm for
understanding locally coordinated integration of multiple
neurons in the developing central nervous system (CNS).
Cerebellar granule cells are the most abundant neurons in the
mammalian brain and play a central role for processing of the
mossy fiber input into the cerebellum. Previous mouse
genetic studies have shown that the HLH-type transcription
factor Math1 plays an essential role for the proper develop-
ment of granule cell progenitors in the external granule layer
(EGL; Supplementary Figs. 1A, B) of the cerebellum (Ben-
Arie et al., 1997). The Math1+ precursors of the cerebellar
granule cells arise from the upper rhombic lip of the
hindbrain (URL; Fig. 1A) around E13.5 and migrate
tangentially to form the EGL (Fig. 1B). After birth, the cell
bodies of the EGL cells gradually descend along the0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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1 Equally contributed to this work.Bergmann glia to become granule cells in the inner granule
layer (IGL), with the parallel fiber axons extending in the
molecular layer (forming the characteristic T-shape; Hatten
and Heintz, 1995).
In this work, we attempted to recapitulate the early
developmental process of the cerebellum in vitro by focusing
on the generation of Math1+ granule cell progenitors from
ES cells. Over the last several years, ES cell studies have
made remarkable progress in the in vitro differentiation
control of a variety of neurons (e.g., Wichterle et al., 2002).
To date, however, successful generation of cerebellar neurons
has not been reported. In a previous study, we have shown
that Math1+ cells are generated at a moderate frequency from
ES cells that are cocultured with PA6 cells (SDIA culture;
Kawasaki et al., 2000) in the presence of BMP4 during a
particular culture period (Mizuseki et al., 2003). Interestingly,
as described below in this study, SDIA-induced Math1+ cells
do not express other markers of the embryonic EGL. In
addition to the SDIA method, we have recently established
another in vitro culture system that induces efficient neural
differentiation from ES cells (Serum-Free culture of Embry-
oid Body-like aggregates or SFEB; Watanabe et al., 2005;90 (2006) 287 – 296
www.e
H.-L. Su et al. / Developmental Biology 290 (2006) 287–296288and also see Materials and methods). In this study, we have
successfully applied the SFEB method to induce precursors
of cerebellar neurons (granule cells and Purkinje cells) in
vitro.
Materials and methods
Induction of Math1 and Purkinje cells from ES cells
Maintenance of mouse ES cells (EB5) and PA6 cells was performed as
described previously (Kawasaki et al., 2000). Differentiation Medium was
prepared as follows: G-MEM supplemented with 5% Knockout serum
replacement (KSR; percentage can be up to 10; Gibco), 2 mM glutamine, 1
mM pyruvate, 0.1 mM nonessential amino acids, and 0.1 mM 2-ME (G-MEM
can be replaced with alpha MEM). For the SFEB culture, ES cells were
dissociated (0.25% trypsin-EDTA) to single cells, and 5  104 cells per ml of
Differentiation Medium were seeded into bacterial grade dishes (10 ml). ES cell
aggregates were generated spontaneously in a suspension culture within one
day. Cell aggregates were cultured in Differentiation Medium unless stated
otherwise. In this study, the day on which ES cells were seeded to differentiate
is defined as differentiation day 0. For neural differentiation by SDIA,
dissociated ES cells were plated on the feeder layer of PA6 cells and cultured in
Differentiation Medium as described previously (Kawasaki et al., 2000). To
induce Math1+ cells, BMP4 (0.5 nM) was added to medium alone or in
combination with Wnt3a (20 ng/ml) and/or Fgf8b (50 ng/ml) on day 5.5. On
day 7, the medium was changed to Neurobasal/B27 (without retinoids)
containing the same inducers. All growth factors were purchased from R&D.
Fresh factors were added upon medium change (every two days unless stated
otherwise). In typical cases, several-15% of cells (or 10–20% of NCAM+ cells)
became Math1+ (or Math1-GFP+). For the Purkinje cell induction, the culture
condition is similar to that for Math1+ neurons, except that the floating
aggregates were maintained in Neurobasal/B27 without retinoids or additional
inducers from culture day 10 to day 20.
Generation of Math1-GFP ES cells
Math1-GFP transgenic ES cells were generated by introducing the Math1-
Venus-Neo/pBluescript SK+ plasmid (Supplementary Fig. 1C) into ES cells
with lipofectamine 2000 (Invitrogen) and by selecting cells with 200 Ag/ml of
G418. The expression of Venus (a modified GFP; a kind gift of Dr. Miyawaki)
is driven by the human h-globin promoter (37 to +21) and the Math1
enhancer (mouse genomic sequences containing the Enhancers A and B)
(Helms et al., 2000). Four ES cell lines that expressed strong Math1-GFP
fluorescence upon differentiation were established (Math1-GFP signals of these
lines coincided with Math1 immunostaining at least in three quarters of
differentiating cells; Supplementary Fig. 1D). In this study, clone #33 was
mainly used for detailed analysis while Math1 induction was seen at a similar
efficiency in four independent lines of transgenic Math1-GFP ES cells and in
the parental ES cells. Before the induction of differentiation, nearly all Math1-
GFP-transgenic ES cells expressed the pleuripotency markers Oct3 and Nanog
(Supplementary Figs. 1E, F).
FACS experiments
SFEB-treated ES cell aggregates were dissociated into single cell
suspension by digesting with 0.05% trypsin-EDTA (Invitrogen) and 10 Ag/ml
of DNase I (Roche) for 5 min at room temperature and by subsequent gentle
pipetting. After neutralization by adding Differentiation Medium, the cells were
centrifuged and then resuspended in HBSS containing 0.1% BSA and 10 Ag/ml
propidium iodide (PI). Before applying to FACS, the cells were passed through
a cell strainer (BD FALCON 352340 or 352235) twice to remove cell
aggregates and DNA debris. The cells were sorted at the low speed (less than
5000 cells per second) with the wide nozzle (100 Am) option by using
FACSAria (Becton-Dickinson). Cell aggregates and PI-positive cells were
gated out by the parameters of FSC/SSC and PerCP-Cy5.5 (band pass filter:
695 nm). Math1-GFP+ cells with the strong Venus-GFP fluorescence (bandpass filter: FITC; 530 nm) were sorted for analysis, culture, and grafting (GFP-
expressing cells occupied >90% after single sorting). The statistical analysis of
distribution of population was done with the FACSDiva software.
Antibodies and immunohistochemistry
The commercial antibodies used in this study were purchased from the
following suppliers: DSHB for Pax6/mouse monoclonal/1:200, Math1/mouse
monoclonal/1:50; Chemicon for NCAM/rabbit polyclonal/1:100, Calbindin-
D28K/rabbit polyclonal/1:500, Doublecortin/rabbit polyclonal/1:3000, anti-a6
subunit of the GABAA receptor/rabbit polyconal/1:500; Babco for TuJ1/rabbit
polyclonal/1:600, TuJ1/mousemonoclonal/1:300, Pax6/rabbit polyclonal/1:300;
DAKO for Ki67/rat polyclonal/1:50; MBL for GFP/rabbit polyclonal/1:150;
Pharmingen for Nestin/mouse monoclonal/1:300; and Sigma for MAP2/mouse
monoclonal/1:300 and GIRK2/rabbit polyclonal/1:50. The antisera for mouse
Math1, L7, and Zic1 proteins were raised by immunizing the animals with the
following synthetic peptide antigens conjugated to KLH; EDNSKTSPRSHRSD-
GEFSC (anti-Math1 antibodies in rabbit and rat), CAALSFRRNSSPQPQTQAP
(anti-L7 antibodies in rabbit and mouse; following Oberdick et al., 1988), and
AVHHTAGHSALSSNFNEC (anti-Zic1 antibody in rabbit; following Borghe-
sani et al., 2002), respectively. All antibodies raised for this study were affinity-
purified by using the antigen peptides, and carefully examined in immunohis-
tochemistry with positive and negative control tissues of mouse embryos. The
staining patterns were the same as those reported in previous literatures. For
instance, the Zic1 and Math1 antisera raised in this study gave indistinguishable
results in immunostaining of embryonic CNS tissues from those obtained with
the Zic andMath1 antibodies previously reported (Borghesani et al., 2002;Helms
and Johnson, 1998; kind gifts of Drs. R. Segal and J. Johnson).
For immunostaining SFEB/BMP4/Wnt3a-treated ES cells, cell aggregates
were dissociated in 0.25% trypsin-EDTA and 50 Ag/ml DNase I (or Papain
Dissociation Kit, Worthington) and replated on the poly-d-lysine/laminin-coated
dish (8-well chamber slide) on day 8 in Neurobasal/B27 with inducing factors.
The cells were fixed on day 9 in 4% paraformaldehyde/PBS for 15 min at 4-C,
followed by treatment with 0.3% Triton-X/PBS. Blocking was done with 2%
skim milk in PBS. ES cell colonies were analyzed for specific immunostaining
markers such as Math1, Zic1, Pax6, TuJ1, and Nestin under a confocal
fluorescent microscope (LSM 5 PASCAL, Zeiss). Number of total cells was
calculated by staining nuclei with TOTO3 or YOYO1 (Molecular Probes).
RT-PCR
Total RNA was extracted from 5  105 sorted Math1-GFP+ cells, E13
mouse embryos, and P2 neonatal cerebellum by using the RNeasy Mini Kit
(Qiagen) and subjected to RT-PCR analysis. The primer sets are chosen
according to the references (Irioka et al., 2005; Mizuseki et al., 2003) or newly
designed as follows; for Zipro1, AAGAAAGCGCCAAGG and TGGAC-
TTCTCCCTCTCCAGTG; Venus-GFP, CATGGTGAGCAAGGGCGAG and
CTTACTTGTACAGCTCGTCC; Zic1, CAGATGCGGCTAGGTTTCTC and
ACACTCCTCCCAGAAGCAGA.
Reaggregation assay
The reaggregation experiments were performed as described previously
(Yamasaki et al., 2001). Briefly, cerebella from P2 neonatal ICR mice were
dissociated and mixed with sorted Math1-GFP+ cells at a ratio of 20:1. For the
positive control, dissociated cerebellar plate cells from E14.5 embryos were
mixed with P2 EGL cells after being labeled by electroporation with the
pCAGGS-EYFP plasmid. The cell mixtures were briefly centrifuged, incubated
for 30 min to make reaggregates, then manually divided into 200–300 Am
pieces by forceps and placed on coated glasses with poly-d-lysine/laminin for
culture. Cells were incubated at 37-C in Mason’s medium + N2 supplement
under 5% CO2 until harvesting on the given day.
Transplantation
FACS-sorted Math1-GFP+ cells were labeled with 10 Ag/ml DiI for 10 min
in PBS. The labeled cells were then washed three times with PBS, and
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tion procedure, P2 mouse pups were rendered unconscious by chilling the
animals on ice for 5 to 10 min (until the pups no longer moved). The skin
overlying the occipital bone was rinsed with alcohol, a small incision was made
in the skin, and the FACS-sorted cells (2–4 Al; approximately 5000–10,000)
were injected blindly and slowly into each side of the cerebellum by a glass
microcapillary. After injection, the capillary was held at the injection position
for 1 min before the capillary was removed. The skull was rinsed with a
solution of penicillin– streptomycin, and the skin was replaced and sealed with
Vetbond (3M). The animal was then warmed to 37-C at least for 5 h before
being returned to the litter. After 5–14 days, anesthetized animals were
harvested for perfusion fixation with 4% paraformaldehyde/PBS. The cerebella
were removed, refixed in the same fixative for overnight, washed in PBS, and
embedded in 4% agarose gel. Serial sections (100 Am) were prepared with a
vibratome and labeled cells were visualized with a Zeiss Axioplan2
fluorescence microscope or with a Zeiss PASCAL confocal microscope (for
detection of double labeling).
Results
Generation of Math1+ progenitors from ES cells in vitro by
combining the SFEB culture and the treatment with BMP4 and
Wnt3a
To induce differentiation of Math1+ cells from ES cells in
vitro, we used the SFEB culture, a novel culture system that we
have recently established for efficient induction of neural
differentiation in ES cells (Watanabe et al., 2005). In this
method, selective neural differentiation is induced in mouse ES
cells (>80% in 5 days) by culturing as floating aggregates in
optimized serum-free medium. Consistent with the dorsalizing
effect of BMP signals as described previously (Alder et al.,
1999; Liem et al., 1995; Mizuseki et al., 2003), we observed
that BMP treatment during the late culture phase (days 5.5–9,
most effective at 0.5–1 nM) induced expression of the dorsal
CNS marker Math1 in the SFEB-treated ES cells (8.2 T 1.4%
of NCAM+ neural cells; Figs. 1C, K, lane 2). Treatment with
BMP6, BMP7, and Gdf7 also exhibited similar effects (data not
shown).
One of the characteristics of EGL cells is their persistent
capacity of proliferation, which continues even after birth.
Math1+ cells in the EGL anlage persistently express the mitotic
marker Ki67 at a high frequency (50–60% on E13.5 and >90%Fig. 1. Generation of Math1+/Ki67+ cells in SFEB/BMP4/Wnt3a-treated ES
cells. (A) Schematic dorsal view of Math1 expression in the CNS of the E13.5
mouse embryo. (B) Parasagittal section at the brain stem region (E13.5).
Immunostaining of Math1 is shown. (C, J) Math1+ cells in ES cell colonies
treated with SFEB/BMP4 (C) and SFEB/BMP4/Wnt3a (J) on day 9. (D, H)
Higher magnification views of Math1 and Ki67 immunostaining in the
presumptive cerebellar region (D) and in the lower rhombic lip (H). (E–G)
Math1+/Ki67+ cells were generated in SFEB/BMP4-treated ES cells (E) but not
in SDIA/BMP4-treated ones (F). Percentages of Ki67+ cells in Math1+ cells are
shown in panel G. (I) Two-step induction procedure of Math1+ cells from ES
cells. (K) Percentages of Math1+ cells in the NCAM+ neural cell population. In
this case, Math1+ percentages were calculated by counting Math1-GFP+ ES
cells in flow cytometry combined with NCAM staining. Similar results were
observed by immunocytochemistry under the microscope. The statistical
significance was examined by Student’s t test. Each result represents the
averages of three independent experiments. The concentrations were 0.5 nM for
BMP4, 20 ng/ml for Wnt3a, and 50 ng/ml for Fgf8. Scale bar, 25 Am (D) and
10 Am (E). fb, forebrain; mb, midbrain; cbl, cerebellar anlage; URL, upper
rhombic lip; LRL, lower rhombic lip.
Fig. 2. SFEB/BMP4/Wnt3a-induced Math1+ cells exhibit marker characteristics
indistinguishable from those of EGL cells. EGL cells in the embryonic
cerebellum (E13.5) are Math1+/Zic1+ (A) and Math1+/Pax6+ (C) while SFEB/
BMP4/Wnt3a-inducedMath1+ cells coexpress Zic1 (B) and Pax6 (D). The insets
in panels A and C are higher magnification of the corresponding double positive
EGL cells, respectively. ES cell-derived Math1+ cells express the intermediate
filament Nestin (E), a neural progenitor marker, but not the postmitotic neuronal
marker class III h-tubulin (TuJ1; F) with TOTO3 nuclear staining. Images were
taken under a confocal microscope. Scale bar, 10 Am (B, D).
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Math1+ cells were mitotic neural progenitors by immunostain-
ing with Ki67. The majority of SFEB/BMP4-induced Math1+Fig. 3. Math1-GFP+ cells express the granule cell marker Zipro1. (A) 5  105 fluore
sorted by FACS for RT-PCR analysis (B, C). Math1-GFP+ cells sorted from SFEB/B
cells, such asMath1, Zic1, and Pax6 (B, lane 4; day 9) and the late marker Zipro1 (C
were used as controls (B, lanes 2, 3). For Embryo (B, lane 1) and cbl (C, lane 1), totcells (>80%) expressed Ki67 on day 9 and even after day 11
(Figs. 1E, G, and not shown; the onset of Math1 expression in
vitro was on day 7).
This feature did not seem to be common to ES cell-
derived Math1+ cells in general. For instance, Math1+ cells
induced by BMP4 in the SDIA culture (a neural differenti-
ation system of ES cells using coculture with PA6 stromal
cells; Kawasaki et al., 2000; Mizuseki et al., 2003) were
mostly negative for Ki67 (Figs. 1F, G), regardless of the
length of the culture period. In addition, treatment with the
caudalizing factor retinoic acid (RA; 0.2–1 AM during days
3–7) significantly decreased Ki67 expression in SFEB/
BMP4-induced Math1+ cells (Supplementary Fig. 1G) while
Math1 induction itself was little affected.
Besides the EGL, Math1 is expressed in the dorsal-most
region of the alar plate (adjacent to the roof plate; from E9.5;
Fig. 1A), including the lower rhombic lips (LRL; Fig. 1B) and
the precursor region of D1 interneurons in the spinal cord
(Akazawa et al., 1995; Ben-Arie et al., 2000). Ki67 expression
in the Math1+ cells is differentially regulated along the
rostral–caudal axis in the embryonic CNS. In contrast to the
EGL, Math1+ cells in the LRL (Fig. 1H) and the dorsal spinal
cord (not shown) mostly become postmitotic by E11 (Helms
and Johnson, 1998; except for the anterior tip of the LRL,
which contained a few Math1+/Ki67+ cells on E13.5;
Supplementary Fig. 1B). One interpretation is that Math1+/
Ki67 cells induced by SDIA/BMP4 or by SFEB/BMP4/RA
mimic Math1+ cells present in the caudal CNS, which become
postmitotic early during neurogenesis. This idea is consistent
with the fact that SDIA-induced neural tissues generally
exhibit more caudal characters as compared to those induced
by SFEB (Watanabe et al., 2005). In addition, a portion of
precerebellar neurons (the input neurons of the cerebellum,
which are mostly derived from the rhombic lips; e.g., the
pontine nucleus neurons) express Math1 (Ben-Arie et al.,
2000; Jensen et al., 2004), but are generally Ki67 (Supple-
mentary Fig. 1I and data not shown).
These observations led us to the hypothesis that SFEB/
BMP4-induced Math1+ cells represent persistently-proliferat-
ing Math1+/Ki67+ cells in the EGL anlage, which is thescent Math1-GFP+ cells derived from SFEB/BMP4/Wnt3a-treated ES cells were
MP4Wnt3a-treated ES cells selectively expressed the gene markers of the EGL
, lane 3; day 11). SFEB and SFEB/BMP4/Wnt3a-treated ES cells without sorting
al RNAwas extracted from the E13 mouse and the P2 cerebellum, respectively.
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detailed analysis, we further optimized the culture conditions
to induce Math1+ cells in the SFEB-treated ES cells (Figs.
1I, J). Wnt signaling has been shown to play an essential
role for cerebellar development (Ikeya et al., 1997;
McMahon and Bradley, 1990; Thomas and Capecchi,
1990). Treatment with Wnt3a (20 ng/ml) combined with
BMP4 (0.5 nM) induced efficient differentiation of cells
expressing Math1 (Fig. 1K, lane 5). In contrast, treatment
with Fgf8, which is also implicated in cerebellar develop-Fig. 4. In vitro differentiation ofMath1-GFP+ cells in the reaggregation coculture
assay. (A) Schematic procedure of in vitro differentiation of FACS-sortedMath1-
GFP+ cells by reaggregation with P2 neonatal EGL cells. (B) TuJ1 (red)-positive
parallel fiber-like bundles from reaggregated cerebellar neurons (reaggregate of
P2 neonatal EGL cells with E14.5 cerebellar cells at the right bottom). (C)Math1-
GFP+ cells (FACS-sorted from SFEB/BMP4/Wnt3a cells) that radially migrated
from the reaggregates along the parallel fiber-like bundles on day 2. Double
immunostaining with anti-GFP and anti-MAP2 antibodies. (D, E) High
magnification views of migratory GFP+ cells derived from SFEB/BMP4/
Wnt3a-treated ES cells. Double immunostaining for MAP2 (D) and Pax6 (E)
with Math1-GFP. gc, growth cone. (E) A Pax6+ nucleus of the Math1-GFP+ cell
is indicated by the arrow. (F, G) Characteristic T-shape morphology (parallel
fiber-like axon shown by arrowheads) in Math1-GFP+ cells on day 3 and MAP2
immunostaining of the same cell (G). In many cases, the axons of Math1-GFP+
cells were very closely associated with the parallel fiber-like bundles of P2 cells
and axons of other migratory neurons. For easier visualization and identification
of axonal morphology, we show a T-shaped neuron that was not closely
associated with parallel fiber-like bundles or other migratory neurons in these
panels. (H– I) Statistics of the reaggregation experiments. (H) The cell ratio of
migratory Math1-GFP+ neurons and GFP-labeled E14.5 embryonic cerebellar
per 100 mixed GFP+ cells (>350 Am away from the aggregates on day 2). (I)
Percentages of reoriented cells (extending the leading processes perpendicular to
the P2 bundles) in total GFP+ migratory cells (>500 Am) on day 3. Scale bar, 100
Am (B, C); 20 Am (D, E); 15 Am (F, G).ment (Sato et al., 2001), did not exhibit positive effects on
Math1 induction in the SFEB culture, regardless of the
presence of BMP4 and Wnt3a (Fig. 1K, lanes 6–8).
SFEB/BMP4/Wnt3a-induced Math1+ cells exhibit a marker
expression profile indistinguishable from that of embryonic
EGL progenitors
We next studied the expression of other EGL markers in
SFEB/BMP4/Wnt3a-induced Math1+ cells. Double immu-
nostaining showed that these cells expressed the EGL
markers Zic1 (62 T 6%; Fig. 2B; in vivo staining in Fig.
2A; Nagai et al., 1997) and Pax6 (27 T 6%; Fig. 2D; in
vivo staining in Fig. 2C; Engelkamp et al., 1999).
Consistent with the Ki67 expression, most of the Math1+
cells were positive for the neural precursor marker Nestin
(84 T 7%; Fig. 2E) while the postmitotic marker TuJ1 was
detected only in a small population (<6%; Fig. 2F). In
contrast, Math1+ cells induced by SDIA/BMP4/Wnt3a or by
SFEB/BMP4/Wnt3a/RA were mostly Ki67, Zic1, and
Pax6 (Supplementary Figs. 1G, H; data not shown), as
are Math1+ cells in the dorsal spinal cord (Supplementary
Fig. 1I, Ebert et al., 2003).
To obtain further evidence regarding the generation of
EGL cells in SFEB/BMP4/Wnt3a-treated ES cells, we
analyzed the expression of the late EGL marker gene
Zipro1 (Yang et al., 1996; also called RU49) in Math1+
ES cells. To this end, we used ES cells with a GFP reporter
transgene driven by the Math1 enhancer (Helms et al.,
2000; Supplementary Fig. 1C; the colocalization of Math1-
GFP signals and Math1 immunostaining is shown in
Supplementary Fig. 1D) and purified the Math1+ ES cell
population by FACS. RT-PCR analysis showed that the
FACS-purified Math1-GFP+ cells strongly expressed Math1
(Fig. 3B, lane 4; see the increase of Math1 expression as
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Supplementary Fig. 2A, lane 5). The expressions of gene
markers for Math1 tissues in the CNS (such as Ngn2,
Mash1, Islet1, and Nkx2.2) were diminished as compared to
ES cell-derived neural cells without sorting (Fig. 3B, lanes 3
and 4). The genes expressed both in Math1+ and Math1
tissues in vivo (Zic1 and Pax6) were expressed in both
FACS-sorted Math1-GFP+ and Math1-GFP populations
(Supplementary Fig. 2A, lanes 4 and 5). These observations
indicated that the cell sorting was effective. Strong Zipro1
expression was observed in FACS-sorted Math1-GFP+ cells
(Fig. 3C, lane 3; only weak expression in Math1-GFP
cells, Supplementary Fig. 2B) when SFEB/BMP4/Wnt3a-
treated ES cell aggregates were dissociated and analyzed on
day 11 (not on day 9). In contrast, no induction was seen in
Math1-GFP+ cells derived from SDIA/BMP4/Wnt3a-treated
ES cells (Fig. 3C, lane 5). Consistent with these findings,
strong Zipro1 expression was detected also by in situ
hybridization in the colonies of SFEB/BMP4/Wnt3a-treated
ES cells but not in those of SDIA/BMP4/Wnt3a cells (data
not shown). These findings indicate that SFEB/BMP4/
Wnt3a-treated ES cells generate Math1+ cells with a marker
expression profile indistinguishable from that of embryonic
EGL progenitors, at least with regard to the markers tested
here (Ki67+, Zic1+, Pax6+, Zipro1+).Fig. 5. Intracerebellar implantation of FACS-purified Math1-GFP+ cells. (A) Schem
mouse cerebellum. IHC, immunohistochemistry. (B) 5–7 days after transplantation
GFP+ neuron, which appeared to descend toward the deeper layers of the cerebellum
axis). (C) Cell morphology similar to granule cells of the IGL in grafted FACS-sor
neurons exhibited a unipolar shape with a long axon and several (2.9 T 1.2) short de
(long axis) and 6.8 T 1.7 Am (short axis). (D, E) Five days after implantation, DiI-la
D) and the early-onset K+ channel GIRK2 (the weaver protein; E). (F, G) Twelve d
alpha 6 (maker for mature granule cells; G). Nuclear staining was done with TOTO3
portion (migratory) of the EGL; ML, molecular layer; PCL, Purkinje cell layer; IGSFEB/BMP4/Wnt3a-induced Math1+ cells differentiate into
neurons with the granule cell phenotype in the presence of
neonatal cerebellar microenvironment
We next asked whether SFEB/BMP4/Wnt3a-induced
Math1+ cells could differentiate into postmitotic neurons
with the granule cell characteristics. Math1-GFP+ cells
sorted from SFEB/BMP4/Wnt3a-treated ES cells (day 9)
by FACS were subjected to the in vitro differentiation assay
(Fig. 4A). Previous studies have demonstrated that embry-
onic EGL precursors grow mature in vitro by coculture with
postnatal granule cells (reaggregation coculture; Gao et al.,
1992; Nakatsuji and Nagata, 1989; Yamasaki et al., 2001)
and exhibit characteristic features of descending granule
cells of the neonatal cerebellum. Cocultured embryonic EGL
precursors (E18; also E14.5 as described below) migrate out
from the reaggregate directionally along the radially extend-
ing fibers of postnatal granule cells (referred to as parallel
fiber-like bundles hereafter; shown as TuJ1+ neurites in Fig.
4B) and extend bipolar neurites/processes in parallel to the
bundles (day 2). Subsequently (day 3), cocultured embryonic
EGL cells change the orientation of the cell axis (the
direction of the cell body and leading process) by 90- and
move away perpendicularly from the parallel fiber-like
bundles, with their axons often associated with the bundles.e for the implantation procedure of the sorted Math1-GFP+ cells into the P2
, characteristic T-shape morphology (arrows) was observed in a sorted Math1-
. The size of the soma was 10.6 T 3.5 Am (long axis) and 5.2 T 1.5 Am (short
ted Math1-GFP+ (DiI-labeled) cells after 2-week transplantation. The surviving
ndrites (5.3 T 1.5 Am; claw-shaped; C). The size of the soma was 7.8 T 2.0 Am
beled grafted cells expressed the migratory neuron marker Doublecortin (DCX;
ays after implantation, DiI-labeled cells in the IGL expressed GABAA receptor
. EGL, External granule layer; G, outer portion (germinal) of the EGL; M, inner
L, inner granular cell layer. Scare bar, 10 Am (B–G).
Fig. 6. Differentiation of L7+/Calbindin-D28K+ Purkinje cell-like neurons from
ES cells. (A) Schematic procedure of induction of L7+ neurons from ES cells.
(B, C) Confocal images of the ES cell aggregates after whole-mount
immunostaining. (B) L7+ cells were induced from ES cells by the SFEB/
BMP4/Wnt3a treatment. (C) Double staining with anti-Calbindin-D28K
antibody. Nuclei were visualized by TOTO3 staining. Some L7+ cells (¨5%)
had double nuclei, as do Purkinje cells in vivo (Lapham, 1968; Mares et al.,
1973). (D) Effects of growth factor treatments (during days 5–10) on
differentiation of L7+ neurons from ES cells. It is worth noticing that
differentiation of Purkinje cell-like cells was efficiently induced with BMP4+
Fgf8 (lane 5) whereas Math1 induction with BMP4+ Fgf8 was four times lower
than that with BMP4+ Wnt3a (Fig. 1K, lanes 5 and 6). Each result represents
the averages of three independent experiments. The statistics were obtained by
Student’s t test. Scale bar, 30 Am (B).
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morphology characteristic of the granule cell (Nakatsuji and
Nagata, 1989; Yamasaki et al., 2001). Similar observations
were obtained with FACS-purified Math1-GFP+ cells from
SFEB/BMP4/Wnt3a cells. After 2 days of reaggregation
coculture with postnatal day 2 (P2) EGL cells, migratory
Math1-GFP+ cells were frequently found at a distance (>350
Am) from the aggregates (42.2 T 0.1 migratory cells per 100
mixed Math1-GFP+ cells, n = 50 aggregates; Figs. 4C, H,
lane 2). This frequency was comparable to that observed for
the coculture of E14.5 embryo-derived cerebellar cells
(labeled by transfection with pCAGGS-EYFP) with P2
EGL cells (43.6 T 0.1 cells per 100 mixed GFP+ cells,
n = 72 aggregates; Fig. 4H, lane 1). On day 2, the leading
and trailing processes of the Math1-GFP+ cells induced by
SFEB/BMP4/Wnt3a extended in parallel to the parallel fiber-
like bundles of the P2 neurons (Figs. 4C, D) and
coexpressed Pax6 (Fig. 4E), as did the E14.5 embryo-
derived EGL cells (not shown). On day 3, each of the ES
cell-derived migratory neurons began to reorient its cell axis
perpendicularly to the parallel fiber-like bundles, with the
leading process away from them (80.2 T 3.5% of migratory
Math1-GFP+ cells from the aggregate with SFEB/BMP4/
Wnt3a cells; Fig. 4I, lane 2). This phenotype (Figs. 4F, G)
was reminiscent of the T-shape morphology characteristic of
the descending granule cells and observed at a frequency
comparable to that with E14.5 embryonic cerebellar cells
(73.0 T 2.3% of migratory cells from the aggregate; Fig. 4I,
lane 1).
In contrast, when FACS-purified Math1-GFP+ cells from
SDIA/BMP4/Wnt3a cells (non-EGL-type Math1+ cells; Fig.
1F) were coaggregated with embryonic cerebellar cells, no
migratory cells were found on day 2 or 3 under the same
coculture condition (n = 43 aggregates; Fig. 4H, lane 4). In
addition, the perpendicular reorientation on day 3 was rarely
seen (5.3 T 0.8%, Fig. 4I, lane 3) in Math1-GFP+ cells from ES
cells treated with SFEB/BMP4/Wnt3a plus RA (0.2 AM;
generating non-EGL-type Math1+ cells), although migratory
Math1-GFP+ cells were frequently found in this case (36.4 T
0.2 migratory cells per 100 mixed cells; Fig. 4H, lane 3). These
observations demonstrate that the migratory potential and the
T-shape morphology (or perpendicular reorientation) are not
shared features among ES cell-derived Math1+ cells in general.
Next, we attempted the implantation of ES cell-derived
Math1+ cells into the mouse neonatal (P2) cerebellum (Fig.
5A). Consistent with the previous reports of cerebellar
transplantation of embryonic EGL cells (Alder et al., 1999),
the frequency of incorporation and survival of the injected cells
was low (0.1–0.3% of total injected cells). However, the
majority of surviving ES cell-derived neurons exhibited the
characteristic morphological features of the descending (Fig.
5B; 5–7 days after graft) and mature granule cells (Fig. 5C;
12–14 days after graft) (Edmondson and Hatten, 1987;
Komuro and Rakic, 1996) when SFEB/BMP4/Wnt3a-induced
Math1-GFP+ cells (but not those induced by SDIA/BMP4/
Wnt3a) were implanted after FACS sorting. Immunostaining
analysis showed that the migrating Math1-GFP+ cells (5 daysafter graft) expressed the migratory neuron-specific protein
Doublecortin (DCX, Fig. 5D; Gleeson et al., 1999) and the
GIRK2 K+ channel (weaver mutation-related protein expressed
in the migrating granule cells, Fig. 5E; Slesinger et al., 1996;
Lauritzen et al., 1997). The surviving grafted neurons in the
IGL (12 days after graft) expressed GABA receptor alpha 6,
which is specifically expressed in the granule cells (IGL) in
vivo (Figs. 5F, G; Carletti et al., 2002; Kato, 1990). These
findings suggest that the ES cell-derived Math1+ cells possess
the ability to differentiate into granule cells both in vitro (Fig.
4) and in vivo (Fig. 5).
Taken together, these observations indicate that SFEB/
BMP4/Wnt3a-induced Math1+ cells not only express a set of
EGL-specific markers (Figs. 1–3) but also have the ability to
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as do embryonic EGL precursors.
Differentiation of L7+ Purkinje cells from
SFEB/BMP4/Wnt3a-treated and SFEB/BMP4/Fgf8-treated
ES cells
Finally, we examined whether the Purkinje cell, another
important component of the cerebellum, was generated from
ES cells under similar culture conditions. SFEB/BMP4/Wnt3a-
treated ES cells were further cultured as floating cell aggregates
in Neuobasal/B27-based medium during days 10–20 (Fig.
6A). On day 20, ¨25% of the SFEB/BMP4/Wnt3a-treated ES
cell colonies contain large-sized neurons positive for the
Purkinje cell marker L7 (Fig. 6B). Under this culture condition,
the percentage of L7+ cells in total neurons was ¨0.5%.
Induced L7+ neurons coexpressed Calbindin-D28K (Fig. 6C),
which is consistent with the marker expression profile in
Purkinje cells (although L7 expression is also found in the
retinal bipolar neurons, they are negative for Calbindin-D28K;
Berrebi et al., 1991; Sharma et al., 2003). No L7+ cells were
induced in ES cell colonies treated with the conditions that do
not efficiently induce EGL-type Math1+ cells, such as SDIA/
BMP4/Wnt3a and SFEB alone (n = 500; Fig. 6D, lanes 1, 2).
These findings indicate that the SFEB/BMP4/Wnt3a conditions
coax ES cells to differentiate into the precursors of at least two
neuron types (granule cell and Purkinje cell) present in the
cerebellar anlage.
Interestingly, Fgf8 treatment exhibited clear enhancing
effects on the appearance of Purkinje cell-like L7+ neurons,
in contrast to the lack of positive effects on the generation of
Math1+ cells (Fig. 1K). Fgf8 treatment (50 ng/ml FGF8b)
triples the percentage of colonies containing L7+ cells in SFEB/
BMP4-treated ES cells (up to 35% positive colonies; 1–3%
positive cells in total postmitotic neurons; Fig. 6D, lanes 3, 5).
This difference of dependency on Fgf8 may reflect the fact that
EGL cells and Purkinje cells originate in close but distinct
areas of the dorsal metencephalon (the upper rhombic lip and
the ventricular zone, respectively; Hallonet et al., 1990). No
cooperative effects were observed with Wnt3a and Fgf8 on the
L7 induction (Fig. 6D, lane 6).
Discussion
In this study, we have reported successful in vitro generation
of cerebellar EGL precursors from ES cells. Math1+ cerebellar
EGL progenitors (Zic1+, Pax6+, Ki67+, Zipro1+) are produced
by the combination of rostral CNS induction (SFEB culture)
and the subsequent BMP4/Wnt3a treatment. The induced EGL
progenitors have the competence to express granule cell
phenotypes in vitro when the postnatal cerebellar microenvi-
ronment is provided in the microexplant culture (Fig. 4). The
tissues induced by SFEB/BMP4/Wnt3a also contain Purkinje
cells, suggesting that tissues corresponding to the cerebellar
anlage region are generated in vitro under these conditions.
The dorsalizing activity of BMP4 on developing CNS
tissues (Alder et al., 1999; Liem et al., 1995) is likely to explainthe enhancing effects on the induction of EGL progenitors,
which are derived from the dorsal-most tissue of the neural
tube at the rostral-most hindbrain. BMP4 treatment induces
granule cell generation specifically from SFEB-treated ES cells
but not from SDIA-treated ones (Fig. 1). This may be due to
the difference in the regional nature (e.g., rostral–caudal) of
neural tissues induced by the SFEB and SDIA methods
(Watanabe et al., 2005). Another possibility is that PA6 feeder
cells, which are used in the SDIA system, may somehow
interfere with granule cell induction.
The exact role of Wnt3a in the EGL precursor induction
from SFEB-treated ES cells remains to be understood.
Canonical Wnt signaling is implicated in the caudalization of
developing rostral brain tissues (Nordstrom et al., 2002), the
specification of the isthmus region, and the differentiation and
growth of the dorsal CNS tissues (Buckles et al., 2004; Ikeya et
al., 1997; Liu and Joyner, 2001). Therefore, it is intriguing to
elucidate in future which aspect of the Wnt activities is most
relevant to the granule cell induction from ES cells.
Previous chick studies have shown that misexpression of
Fgf8b efficiently induces ectopic formation of well-organized
cerebellar tissues in the dorsal midbrain (Sato et al., 2001). In
addition, attenuation of the Ras-Erk signaling pathway by a
dominant-negative Ras suppresses cerebellar development (Sato
and Nakamura, 2004). Consistently, Fgf8 promotes the induc-
tion of Purkinje cells from SFEB/BMP4-treated ES cells, even
stronger than Wnt3a does (Fig. 6D). In contrast, Fgf8 signals do
not enhance in vitro generation of EGL progenitors from SFEB/
BMP4-treated ES cells (Fig. 1K; 5% for Math1+, 1.5% for
Math1+/Pax6+ with SFEB/BMP4/Fgf8). This implies that the
inductive effect of Fgf8 is not even on different cell components
of the developing cerebellum. Some unknown secondary
interactions (e.g., from Purkinje cells to EGL precursors) may
play a role in the coordinated development of the ectopic
cerebellar tissues induced byFgf8misexpression in vivo (Sato et
al., 2001). In future investigation, it is also important to
understand differential roles of Fgf and Wnt signals in the
induction of the distinct components of the cerebellar anlage.
With regard to the efficiency, the induction of L7+ Purkinje
cells is moderate even with BMP4 and Fgf8 treatments (1–3%
of total neurons), as compared to efficient generation of
Math1+ cells (Fig. 1). Given that in vitro differentiation of
ES cells recapitulates the regional specification of embryonic
CNS tissues (Mizuseki et al., 2003; in this case, that of the
cerebellar anlage), this low value may be in agreement with the
fact that the number of Purkinje cells in the cerebellum is far
less than that of granule cells (<1/1000; Altman and Bayer,
1997; Tomomura et al., 2001). An important future research
topic is to determine finer conditions to induce Purkinje cells
more selectively in vitro from SFEB/BMP4/Fgf8-treated ES
cells, for instance, by using functional screening. This may
shed light on the understanding of the environmental factors for
the Purkinje cell specification in the developing cerebellum.
The present study has focused on in vitro recapitulation of
cerebellar development by using ES cell culture. A challenging
future study is to ask whether ES cell-derived cerebellar
precursors could function normally in vivo after transplantation
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advancement in the implantation study of midbrain dopaminer-
gic neurons into the striatum (e.g., Kawasaki et al., 2000; Takagi
et al., 2005), it has been demonstrated in previous studies (e.g.,
Alder et al., 1999 and references therein) and also in this study
that EGL cell graft into the cerebellum results in low efficiency
of incorporation/survival of the injected cells. Further technical
innovation for better survival and incorporation should be
required in future investigation for the functionality.
Functional implantation of ES cell-derived Purkinje cells is
also an intriguing challenge from the medical point of view,
since the majority of spinocerebellar atrophy diseases involve
Purkinje cell degeneration (Zoghbi and Orr, 1995; Taroni and
DiDonato, 2004). So far, we have failed to observe surviving
L7+ cells with the Purkinje cell morphology after directly
grafting SFEB/BMP4/Fgf8-treated ES cells (1.5  104 DiI-
labeled cells dissociated with papain on day 9) into P2–5
neonatal cerebella (analyzed on P20; data not shown). In
addition to optimization of the differentiation frequency of L7+
neurons, detailed analyses on cell death upon grafting and on
the microenvironment of the host cerebellum may be important
in future investigation for successful transplantation results.
Besides in vivo grafting studies, in vitro generation of granule
and Purkinje cells from ES cells, as shown in this report, should
be useful for in vitro study on pathogenesis and drug
development for cerebellar diseases such as spinocerebellar
degeneration (Zoghbi and Orr, 1995; Taroni and DiDonato,
2004) and EGL-derived medulloblastoma. The use of cerebellar
neurons produced from genetically-modified ES cells (with
mutant genes and/or with GFP knocked-in at reporter genes)
would be a powerful tool for rapid and large scale analysis.
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